In this work the performance assessment of a digitised radio-over-fibre (DRoF) system is presented considering the transmission of orthogonal frequency division multiplexing (OFDM) signals. Specifically, the impact of the high peak-to-average-ratio (PAPR) in the ADC/DAC quantization noise is addressed by means of simulation results. In order to minimize the impact of the digitisation process, we present a study of the improvement of the system performance when commonly used pre-distortion techniques suitable for PAPR reduction are considered. Additionally, the performance of the selected pre-distortion techniques is assessed experimentally, in terms of the modulation error ratio (MER) in an OFDM-DRoF link transmission, considering the impact of optical attenuation. It is observed that the transmission of OFDM signals in DRoF is severely affected by the inherent high PAPR levels and that, by using pre-distortion techniques with ADC/DAC with 7 bits, it is possible to increase the modulation error ratio (MER) by 15 dB or to increase the optical fibre by 6.5 km (8.5% increase) without the need of additional complexity at the OFDM receiver.
INTRODUCTION
It is true that the demand for broadband contents and services in both wired and wireless technologies has been growing rapidly. We are living in an era where broadband Internet with high bandwidth services and applications are continuously evolving and demanding for wireless mobile communications with even higher data rates. In order to fulfil the challenge problem of the ever-increasing demand for bandwidth, researchers are addressing solutions based on maximizing spectrum efficiency as well as considering the spatial re-utilization of the available frequency spectrum by considering alternative system architectures.
Radio-over-Fibre (RoF) techniques are considered as very promising to facilitate the backhauling of a large number of remote antennas [1] . A generic RoF system consists of a control station (CS) where all switching, routing, medium access control and frequency management functions are performed, connected by means of optical fibres to several simple base stations (BS) designed only for wireless signal distribution. The main performance-limiting factor in RoF systems is the nonlinear behaviour of electrical-to-optical converters (EOC) devices that cause the emergence of intermodulation distortion (IMD), which, consequently, affects the dynamic range (DR) of the analogue link [2] [3] . Furthermore, the main wireless standards are based on orthogonal frequency division multiplexing (OFDM) signals, which due to their high peak-to-average-power-ratio (PAPR), are highly sensitive to nonlinear distortion, and therefore to EOCs present in typical RoF systems.
To overcome the limitations of typical analogue RoF (ARoF) systems, researchers have been proposing the transmission of digitized RF signals over fibre (DRoF) that merge both optical and electronic digital worlds as an alternative [4] . The DRoF systems take advantage of higher performance of the digital optical links and open the possibility of designing backhaul networks seamlessly integrated with both existing and future broadband optical networks [5] .
A typical DRoF system is depicted in Fig. 1 . Contrary to what occurs in ARoF system, the IMD is avoided and the DR of the system remains constant and irrespective of the optical fibre length, provided that the received signal amplitude is above the sensitivity of the link at the cost of digital-to-analogue converters (DAC) at the BS [5] [6] . The quantization noise from the digitization process is now the dominant impairment, especially for OFDM signals due to their high PAPR levels [7] . To minimize its impact, it is common to use clipping techniques. Yet, there is a trade-off between quantization noise and clipping distortion that must be considered.
In this paper we study the impact of the high PAPR level in OFDM-DRoF systems. Additionally, we propose the employment of three PAPR reduction techniques and experimentally validate their performance.
This paper is organized as follows: in Section 2 we present the three PAPR reduction techniques that will be evaluated; Section 3 describes the experimental setup used for performance evaluation; in Section 4 the experimental results are presented and finally Section 5 draws the conclusions. 
OFDM PAPR REDUCTION TECHNIQUES
In multicarrier schemes like OFDM, the signal is composed by a summation of several subcarriers. When, at a given time instant, the values of all subcarriers achieve simultaneously their maximum, the output envelope of the signal increases drastically and a high peak value in the time domain arises. As the number of subcarriers increase, the ratio between the peak and the average values, or the PAPR value, also increases.
We will now present three PAPR reduction techniques that pre-distort the OFDM signal in order to minimize the impact of the quantization process in DRoF systems.
Crest Factor Reduction
One of the simplest techniques to reduce the PAPR is to solely clip the signal above a specified threshold level μ. Yet, by imposing an amplitude limit, we are in fact corrupting the signal, thus nonlinearities in the form of outof-band and in-band distortion will arise.
The clipping method considered in this work is the Crest Factor Reduction Clipping (CFR) technique and is implemented using the following function [8] :
where r is the amplitude of the OFDM signal at a given time instant.
Partial Transmit Sequence
In the Partial Transmit Sequence (PTS) scheme [9] , the input sequence is firstly partitioned into m disjoint subsequences. An IFFT is then applied to each subsequence symbol and its resulting phase is shifted by a factor. Finally, the m sub-sequences are summed and the PAPR is computed. Since the algorithm to find the optimum vector of phase factors can be very time-consuming, we implemented an iterative procedure that, through sets of random vectors of factors, the one that minimizes the overall PAPR is chosen. It should be noted that PTS requires that the phase factors vector must be sent to the receiver in order to successfully retrieve the signal.
Active Constellation Extension
The conventional active constellation extension (ACE) scheme [10] is a PAPR reduction technique known for having a performance that is independent on the number of subcarriers and that require no additional information at the receiver side. In this scheme, the amplitude and phase of the QAM symbols that are on the edge of the constellation are adjusted in order to reduce the OFDM PAPR level. Therefore, the re-arrangement of symbols is performed in order to respect the decision boundaries of the scheme and enabling the OFDM signal to be demodulated by a conventional receiver. The ACE technique implemented for this work, uses an iterative clipping method to reduce the PAPR of the time domain OFDM signals [10] .
EXPERIMENTAL SETUP
The schematic of the experimental setup used to evaluate the pre-distortion techniques in OFDM-DRoF systems is illustrated in Fig. 2 . The OFDM modulator/demodulator, pre-distortion techniques, RF up/down conversion and ADC/DAC operations are performed at a digital signal processing (DSP) emulated by a PC running Matlab. Then, an Agilent N4906B Serial BERT is used as a pulse pattern generator to directly modulate the 1550 nm VCSEL. After passing through the optical fibre, the bit stream is converted into the electrical domain by means of a photodiode performed by an Agilent 81495A reference receiver. The Serial BERT is then used as a pattern detector and bit threshold. Afterwards, the stream of data is uploaded into Matlab for offline processing, and the RF OFDM signal is recovered, demodulated and performance metrics are obtained. The characteristics of the OFDM signal, the ADC/DAC and optical link are summarized in Table 1 . The OFDM signal conveys 16-QAM symbols on each of the 64 subcarriers with a data aggregate rate of 10 MS/s. The carrier frequency was chosen to be relatively low so that both the transmitter and receiver operations in Matlab can be performed within a reasonable amount of time. The ADC/DAC employs the subsampling technique, with a sampling frequency of 128 MHz and 7 quantization bits, which results in a bit stream at 896 Mbps. The VCSEL was biased at 6.35 mA to ensure the necessary bandwidth and the extinction ratio was set to 10 dB. 
RESULTS
We start by presenting in Fig. 3 the complement cumulative distribution function (CCDF) of the PAPR of the OFDM signal when considering the CFR (with a crest factor of 6 dB), PTS (considering 10 sub-sequences) and ACE (with a clipping ratio of 6 dB) techniques as well as the original non-distorted signal for comparison. As expected, the PAPR decreases when the pre-distortion techniques are used. For the specific parameters in each of the techniques, from the point of view PAPR reduction the CFR method is the most effective, however, the overall link performance needs to be assessed. Let us now consider the OFDM-DRoF experimental setup presented in Section 3. Firstly, the digital optical transmission is evaluated. Figure 4 depicts the BER as a function of both received optical power and, equivalently, optical fibre length regarding that it only acts as an attenuator with a loss of α = 0.2 dB/km. The dotted line represents the threshold at a BER of 10 -9 , which typically corresponds to the maximum allowed error rate in digital links. As it can be seen, the BER follows a linear log-log relation with respect to received optical power. Furthermore, an error-free digital transmission is achieved at a received power of -17 dBm, which corresponds to approximately 65 km of optical fibre.
In order to evaluate the performance of the selected pre-distortion techniques in the OFDM-DRoF system we have considered the modulation error rate (MER) metric. Figure 5 depicts the MER of the signal as a function of both the received optical power and optical fibre length for the three PAPR reduction techniques along with the non-pre-distorted signal. For high optical powers MER remains constant until it starts to degrade and decreases with decreasing signal power. Results show that the performance starts to decrease at -19 dBm for CFR and at -18.5 dBm for PTS and ACE. Regarding ACE and PTS, it can be seen that the former outperforms the latter from the moment their performance metrics starts to deteriorate. Despite presenting the worst performance behaviour for low received optical powers, the non-pre-distorted signal has a maximum MER higher than the one of CFR. This is explained by the fact that CFR induces additional IMD. This is also the reason for exhibiting the worst performance among the techniques presented, despite of having the lower PAPR (see Fig. 3 ).
By considering a minimum MER of 20 dB for a reliable transmission, we can conclude that using ACE, PTS or CFR, as pre-distortion techniques, the fibre length can be increased by 6.5 km, 5 km or 1.5 km, respectively, with respect to the non-pre-distorted signal. Results also indicate that ACE presents in average a MER level 15 dB higher than the non-pre-distorted case. Another interesting result is that MER of non-pre-distorted signals start to deteriorate when the BER of the digital link is higher than 10 -9 while for ACE and PTS the BER value may increase up to 5×10 -7 (see Fig. 4 ). 
CONCLUSIONS
In this work we have evaluated the performance of an OFDM-DRoF system with pre-distortion techniques suitable for PAPR reduction. By lowering the PAPR level, the impact of the quantization noise in the OFDMDRoF system performance is also diminished. We have concluded that the ACE technique outperforms both the PTS and CFR and that, at the cost increasing the complexity of the system by the use of a pre-distortion technique, it is possible to increase the fibre length by 6.5 km (8.5% increase) and still use the same conventional OFDM receiver when considering an ADC/DAC with 7 bits.
